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Abstract 
Expensive parts of machines do not have to be discarded when broken. Instead they can be repaired and put back into stock, forming a 
repairable item system. Lots of methods are known to determine stock levels, the number of backordered parts and waiting times in repairable 
item systems. Some of these methods consider limited repair capacity, but assume the capacity to be constant. In industrial practice, however, 
the capacity in the repair shop varies due to vacation times of the workers, reducing it temporarily. At the end of the vacation times the 
backorders of unrepaired, broken parts in the repair shop and unfulfilled part requests at the depot have to be diminished. Furthermore, the 
varying capacity influences the performance of the spare parts provisioning, incurring the need for higher stock levels. The impact of varying 
repair capacity on a system for repairable items is analyzed in this paper. It is shown how the stock levels have to be adjusted to guarantee a 
maximum backorder level of waiting request during the entire year. 
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1. Introduction 
1.1. Problem Statement 
Many industries require reliable spare parts supply for 
machine operation without interruptions. In case of high value 
spare parts, defective parts of machines can be repaired and 
put back into stock for future use. Repair shops with limited 
capacity have been analyzed extensively in literature and 
numerous models exist to cope with this restriction. All of the 
known models assume that repair shop capacity is constant 
and does not change over time. In industrial environments 
workers in the shop take vacation during the summer months. 
The remaining workers that are not on vacation have a similar 
amount of parts to repair and face the same workload. 
Although there are models that take into account non-
homogenously distributed demand due to seasonal effects, to 
date consideration of varying repair capacity is not included in 
any model of a repairable item system. In this paper a model 
is presented to determine stock levels in a repairable item 
system with varying, limited, repair capacity.. 
1.2. Course of investigation 
A literature overview of the most important models for 
repairable item systems is presented, focusing on models 
taking into account limited repair capacity. The requirements 
to model limited and varying repair capacity are derived and 
the assumptions explained. The model is introduced and 
simulation experiments to determine stock levels for 
maintaining a predefined backorder limit are conducted. 
Three scenarios are analyzed. In a benchmark scenario 
constant repair capacity is assumed. Its results are used for 
comparison. Scenario two introduces varying repair capacity 
to the system, whereas scenario three assumes constant but 
reduced repair capacity. Average repair capacities in scenario 
two and three are equal, but as results show, their different 
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distributions of repair capacity incur different backorder 
levels. 
Nomenclature 
trepair repair time 
ȝ inter-arrival time between two requests 
Ȝ demand rate 
Ȝrep repair rate 
b backorders 
blim backorder limit 
u utilization of the repair shop 
uaver average utilization of repair shop 
s number of workers in the repair shop 
saver average number of workers 
svac workers in the repair shop during vacation time 
i inventory level 
irepair items in repair 
2. Literature Review 
Typical applications of repairable item systems are wafer 
scanners, large computer systems, medical equipment and 
OEMs of capital goods such as trucks, agricultural equipment 
and trains [1]. Pooling of spare parts is benificial for all 
partners in the systems [2]. METRIC is the first model to 
determine backorder levels in a two-echelon repairable item 
system [3]. This approach serves as a base for all of the 
models on repairable item systems and is a benchmark even 
today. As METRIC is only approximate, [4] develops an 
exact solution which furthermore includes item 
condemnations. Assuming exponentially distributed repair 
times in a single location setup, the authors of [5] are the first 
researchers to introduce limited repair capacity to repairable 
item systems. They follow the approach of the classic 
machine repair problem and model each part of the system 
(transport, repair shop and the time for the removal of the 
broken part) as a shop with a limited number of workers. 
Adding limited repair capacity, and varying demand levels for 
spare parts [6] present a model that takes into account non-
stationary behavior of one of the input parameters. The 
authors assume constant repair capacity. [7] determines cost 
optimal inventory levels in a single-location model with 
limited repair capacity and transient demand. The spare part 
that causes the highest backorder level is repaired with 
greatest priority. The limited repair capacity restriction is first 
transferred to multi-echelon systems by [8]. [9] introduces 
multi-indenture items to the system with limited repair 
capacity. Because these models are complicated, requiring 
long computation times, [10] and [11] present faster and more 
efficient approximation for determining inventory levels when 
shop capacity is restricted. The first to consider two-levels of 
limited repair capacity and to levels of stock are the authors of 
[17]. In multi-item systems, in which different types of spare 
parts are stocked and repaired, the prioritizing of repair plays 
an important role. Contrary to the usual first-come-first-serve 
or the longest backorder first rule, the model of [12] with a 
capacitated repair shop, gives preference to those spare parts 
that are the most expensive. Savings are high, when there are 
many different items in the system and repair shop utilization 
is close to one. Using Norton's theorem for closed queuing 
networks, a model with limited, but constant, repair capacity 
is realized [13]. In case of stock-out situation at one of the 
bases, a spare can be provided by a lateral transshipment from 
a base of the same echelon, instead of the depot. Lateral 
transhipments can increase system performance [14] [15]. The 
authors of [16] use an adaptive base stock policy. When there 
are many parts in repair and there is low depot inventory, 
parts can be loaned for a fee from an external supplier. In case 
of a stock-out the external supplier provides an emergency 
shipment to the location of the request for an extra fee that is 
greater than the loan fee. In this model the higher the shop 
utilization is, the higher the savings are. Relaxing the 
assumption of exponentially distributed repair times, [17] 
allows general repair time distributions. [18] analyzes the 
effects of the depot inventory level, the repair rate and the 
failure rate on the system performance. The authors find that 
the repair rate in a shop with limited capacity and the demand 
level have greater effect on the system performance than the 
inventory level does. The applied repairable item inventory 
planning method presented by [19] sets inventory levels in the 
aviation industry under consideration of capital and loan 
costs. Loan costs arise when there is a stock-out situation and 
the spare part has to be loaned from a competitor. 
In a level of repair analysis subject of optimization is the 
choice of location to conduct repairs of broken parts in a 
multi-echelon system. [20] presents a model for a level of 
repair analysis with simultaneous spare parts stocking 
optimization under a limited repair capacity restriction. 
Current models only optimize sequentially and yield less 
accurate results. Dynamic scheduling of the repair jobs in the 
repair shop is conducted by [21]. They compare different 
heuristics for the scheduling and assume a system with only 
one worker. 
The model of [22] combines part failure prediction and 
inventory management. Unexpected part failures can be 
significantly reduced, when taking into account part wear to 
schedule the maintenance tasks before the beginning of a 
maintenance free operating period.  
All the models reviewed do not take into account varying 
repair capacity due to vacation of workers in a repair shop. 
Another reason for diminished workforce can be an epidemic, 
which causes workers to stay at home to cure. The impact of 
diminished workforce because of vacation on system 
performance is investigated with the model presented in the 
following. 
3. Modeling 
3.1. Assumptions 
The model comprises the central depot with a repair shop 
and is realized as discrete event simulation model. It is a 
single item system with only one type of spare part, there are 
no item condemnations, since all parts are repairable, and the 
repair shop uses first-come-first-serve prioritization. The 
demand rate is Poisson distributed and the repair time follows 
an exponential distribution.  
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Upon a spare part request, the depot immediately sends a 
spare to the customer. The customer sends the defective spare 
part to the repair shop, no matter if there is a spare available 
or not. If the depot is out of stock, the request is backordered 
and fulfilled, when a spare part becomes available through 
completion of repair. As backorders b cause additional costs 
because of machine downtimes, a maximum permitted 
backorder level is set, denoted blim in the following. 
3.2. Values 
The demand rate equals 0.4 requests per day (Ȝ=0.4). The 
mean of the repair time is set to trepair= 20 days, being equal to 
a repair rate of Ȝrep=0.05. The backorder limit is set to 
blim=0.07. The input values used for the experiments are 
examples that resemble typical industrial setups. Further 
investigation has to be conducted in the future to test a greater 
variety of input values. For every inventory level i an 
experiment with 11,000 requests and 100 replications is 
conducted, each replication using a warm-up period of 10 % 
of the requests to allow for settling of the initial transient 
effects. There are three scenarios with different input 
parameter settings. 
3.2.1. Scenario one 
There are ten workers in the repair shop that repair items. 
This scenario is used as benchmark. The workers work year-
round and there is no time of vacation with diminished 
capacity. The repair shop utilization u is defined as the ratio 
of the demand rate Ȝ and the repair rate Ȝrep divided by the 
number of worker s. 
repsȜ
Ȝu    (1) 
Inserting the given values of Ȝ, Ȝrep and s in (1), yields a 
repair shop utilization of u=0.8.  
3.2.2. Scenario two 
The assumption and values are the same as in scenario one, 
except for the consideration of vacations. There are 60 days a 
year, during which only four workers remain in the shop to 
deal with all arriving requests. Repair shop utilization rises to 
the value of u=2. If the vacation time period were not limited, 
the backorders level would increase to . After these 60 days 
vacation time, repair shop is back to full capacity with ten 
workers for 300 days until the next vacation time period. In 
total an entire year with 360 days is simulated.  
The average utilization rate uaver for scenario two depends 
on the average number of workers saver. The ratios of vacation 
time and no vacation time to the total time are inserted in (2), 
yielding an average availability of saver=9 workers. 
9
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vacationaver
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sss
 (2) 
Using (1) to calculate the average utilization rate of the repair 
shop, uaver=0.89 results. 
3.2.3. Scenario three 
The average capacity saver and average utilization rate uaver 
of scenario two are used for the simulation experiments in 
scenario three. Contrary to the assumption of scenario two, in 
which the capacity varies, the number of workers remains 
constant in this scenario. It is analyzed whether the 
approximation of vacation times by a constant but lowered 
repair capacity, yields accurate results.  
4. Results 
4.1. Scenario One  
 
Fig. 1: Backorders b vs. inventory level i with ten workers and no vacation. 
Fig. 1 shows the mean backorders b versus the inventory 
level i for scenario one, in which ten workers work without 
going on vacation. The perpendicular lines depict the length 
of the confidence intervals around the mean of b. The 
backorder level b falls, when i increases. To stay below the 
backorder limit blim=0.07, i=14 spare parts are required in the 
depot.  
4.2. Comparison to scenarios two and three 
 
Fig. 2: Backorders b(i=14) for each scenario. 
Using the determined inventory i=14 of scenario one in the 
other scenarios, backorder levels b are a lot higher, because of 
increasing congestion in the repair shop (see Fig. 2). As Table 
1 shows, the rising utilization u of repair capacity goes along 
with an increasing number of parts irepair that are in the repair 
shop either under repair or in queue. An independent 
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determination of inventory levels for each scenario is thus 
required. 
Table 1: Items in repair irepair and shop utilization u per scenario. 
scenario irepair u 
one 9.6 0.8 
two 11.7 0.8 until 2 (mean = 0.89) 
three 13.2 0.89 
4.3. Scenario two 
 
Fig. 3: b vs. i with ten workers and four workers during vacation. 
Fig. 3 shows the results for scenario two in which only four 
workers remain working in the shop during the vacation time. 
At the same values of i, the mean of backorders b awaiting 
fulfillment is significantly larger than in scenario one. For 
i=18, for instance, the mean backorders increase more than 
threefold from b=0.28 in scenario one to b=0.95 in scenario 
two. Taking into account varying repair capacity i=20 spare 
parts are required to maintain the backorder limit (b<blim). 
4.4. Scenario three 
 
Fig. 4: b vs. i with nine workers and no vacation. 
Fig. 4 depicts the mean backorders b versus inventory level 
i for scenario three. Backorders for each value of i are higher 
than in scenario two and one. Also the confidence intervals 
are longer. To guarantee the backorder limit, i=23 spare parts 
have to be stocked. For accurate determination of inventory 
levels at the depot, modeling of the varying repair capacity, 
considering the total number of workers s and the number of 
workers svac is required. Table 2 shows the required inventory 
level i to maintain the backorder limit blim for each scenario, 
with the respective backorders b and confidence intervals. 
Table 2. Required i to maintain blim. 
scenario i(b<blim) mean of b<blim confidence interval+/- 
one 14 0.669 0.014 
two 20 0.683 0.021 
three 27 0.679 0.036 
Although uaver is the same in scenarios two and three, the 
assumption to approximate the vacation time by computing an 
average number of workers from the maximum number of 
workers and the number of workers during vacation time is 
not correct. 
5. Conclusion and Outlook 
Spare parts provisioning is important for the 
competiveness and reliable machine operation in many 
industries. In case of spare parts of high value these are 
stocked in repairable item systems, in which defective parts 
are repaired and put back into stock. Many models exist to 
compute inventory and backorder levels at the depot, some of 
which also take into account limited repair capacity. The 
capacity is assumed to be constant and variations of the 
number of workers due to vacation are disregarded in all 
models known to date. 
A model to take into account varying repair capacity in a 
repairable item system is presented in this paper. Vacation 
time is assumed to last 60 days out of 360 days of one year. 
There are ten workers in the system throughout the year, only 
four of which continue working during vacation time. 
Disregarding vacation in the shop when setting inventory 
levels causes understocking at the depot. Inventory has to be 
increased from 14 spare parts without considering vacation to 
20 spare parts when considering vacation to maintain the 
predefined backorder level of 0.07. The approximation of the 
varying repair capacity by computing an average number of 
nine workers, which remains constant during the entire 
simulated year, yields inaccurate results. Because inventory 
levels or backorders under this assumption are much higher 
than with correct modeling of the vacation time, the model of 
the inventory system taking into account the vacation time has 
to be used, when determining inventory levels for a system 
with varying repair capacity. 
Future research will consider cases in which more than one 
period of vacation per year is considered. Random decrease of 
the number of workers due to waves of sickness can be 
included. A more in depth analysis of the system behavior, 
with varying demand rates will further enhance the model's 
suitability for taking into account varying repair capacity in 
repairable item systems. 
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